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Abstract: Machine learning is becoming the cornerstones of smart and autonomous systems. Machine
learning algorithms can be categorized into supervised learning (classification) and unsupervised
learning (clustering). Among many classification algorithms, the Support Vector Machine (SVM)
classifier is one of the most commonly used machine learning algorithms. By incorporating convex
optimization techniques into the SVM classifier, we can further enhance the accuracy and classi-
fication process of the SVM by finding the optimal solution. Many machine learning algorithms,
including SVM classification, are compute-intensive and data-intensive, requiring significant pro-
cessing power. Furthermore, many machine learning algorithms have found their way into portable
and embedded devices, which have stringent requirements. In this research work, we introduce
a novel, unique, and efficient Field Programmable Gate Array (FPGA)-based hardware accelerator
for a convex optimization-based SVM classifier for embedded platforms, considering the constraints
associated with these platforms and the requirements of the applications running on these devices.
We incorporate suitable mathematical kernels and decomposition methods to systematically solve
the convex optimization for machine learning applications with a large volume of data. Our proposed
architectures are generic, parameterized, and scalable; hence, without changing internal architectures,
our designs can be used to process different datasets with varying sizes, can be executed on different
platforms, and can be utilized for various machine learning applications. We also introduce system-
level architectures and techniques to facilitate real-time processing. Experiments are performed
using two different benchmark datasets to evaluate the feasibility and efficiency of our hardware
architecture, in terms of timing, speedup, area, and accuracy. Our embedded hardware design
achieves up to 79 times speedup compared to its embedded software counterpart, and can also
achieve up to 100% classification accuracy.

Keywords: FPGAs; hardware accelerators; embedded architectures; machine learning; convex
optimization; Support Vector Machines

1. Introduction

With the advent of smart and autonomous systems, machine learning is becoming
the cornerstone in creating these systems. Machine learning, a subset of artificial intel-
ligence, enables a system to learn, identify patterns, and make decisions without being
explicitly programmed, and with minimal or no human intervention [1,2]. The basic
premise of machine learning is to create techniques (or algorithms) that can learn from
the sample input data (known as the training data), by performing statistical analysis in
order to make accurate predictions or decisions on the data [2,3]. In recent years, various
fields including medical diagnosis in healthcare, credit risk analysis in finance, smart grids
in energy, and smart cars in transportation, have been incorporating machine learning
techniques [4]. According to a market research [5], the global market for machine learn-
ing was $1.4 billion in 2017 and is expected to reach $8.8 billion by 2022 with an annual
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growth rate of 43.6%. The aforementioned facts demonstrate that the machine learning
market will continue to thrive as smart and autonomous systems emerge. Furthermore,
as portable and embedded devices are gaining popularity, many machine learning appli-
cations are becoming common on these devices. For instance, with autonomous vehicles,
real-time in situ data processing and analysis must be performed typically on embedded
devices in order to make split-second decisions, to avoid catastrophic scenarios. Hence,
novel and unique architectures, techniques, and methodologies are required to support
and accelerate machine learning applications on highly constrained embedded devices.

Machine learning typically involves many important data mining tasks, and can
be categorized into supervised learning (e.g., classification) and unsupervised learning
(e.g., clustering) [6]. In this research work, we focus on supervised learning (specifically,
classification) techniques. Classification techniques are employed by many machine learn-
ing applications in various domains including medical, finance, and transportation. There
exist many classification algorithms; hence, selecting a suitable algorithm for a specific
application (or dataset) would significantly impact the accuracy of the results as well
as the overall system’s performance [6]. For instance, employing a linear classifier for
non-linear separable data can diminish the accuracy and efficiency of the results, which
in turn can hinder the subsequent analysis [6]. As a result, we investigate different classi-
fiers and decide to focus on the Support Vector Machine (SVM) classification algorithm,
since SVM has many advantages/traits that are deemed suitable for machine learning
applications. For instance, SVM is more appropriate for classifying non-linear separable
data [7], enables classification in multi-dimensional space [8], is capable of handling high
dimensional data [9], and generates high accuracy results [8,9]. In addition, the accuracy
and the classification process of the SVM can be further improved by incorporating non-
linear optimization methods to find the optimal solutions [9]. Hence, we decide to integrate
convex optimization (one of the best non-linear optimization methods) to the SVM classifier
in order to clearly distinguish between the two separate classes by maximizing the margin
width of the hyper-plane, which in turn leads to an optimal solution [9].

Most of the existing techniques/algorithms for machine learning, including SVM,
are typically designed in high-level programming languages such as python and are
executed on general-purpose computers such as desktops and servers. These processor-
based (software-only) algorithms, in their current form, can not be executed directly on
the embedded platforms/devices, since these devices have numerous constraints including
stringent area and power, limited memory, increased speedup, and reduced cost and time-
to-market requirements. Furthermore, today’s machine learning techniques/algorithms
are becoming more compute- and data-intensive, requiring more processing power. For
instance, the processing time for the training would increase exponentially with the num-
ber of input data samples. Additionally, for smart and autonomous systems, the data
processing and analysis must be done in real-time in order to make split-second decisions.
Consequently, to satisfy the constraints associated with the embedded devices, as well as
the requirements of the machine learning applications, it is imperative to incorporate some
applications-specific (or customized) hardware into embedded systems designs. In this
regard, Field Programmable Gate Array (FPGA)-based hardware is one of the most promis-
ing avenues to deliver machine learning applications on highly constrained embedded
platforms [10], not only because FPGAs provide a higher level of flexibility than ASICs
(application-specific-integrated-circuits) and higher performance than software running on
a processor, but also due to their many attractive traits including post-fabrication repro-
grammability, dynamic partial reconfiguration capabilities, and reduced time-to-market.
Our previous work demonstrated that FPGA’s aforementioned traits indeed facilitate
the support and acceleration of many real-time compute/data-intensive applications (not
only machine learning [2,11,12], but also data mining [13,14], control systems [15,16],
and security [17,18]), especially on resource-constrained embedded devices.

Our main objective is to provide customized and optimized architectures and tech-
niques to support and accelerate machine learning applications/algorithms on embedded
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platforms, considering the associated constraints of these platforms and the requirements
of the applications running on these devices. In this research work, we focus on an FPGA-
based hardware accelerator for a convex optimization-based (CO-based) support vec-
tor machine classifier for machine learning. By integrating the convex optimization to
the SVM classifier, we can further enhance the efficiency and effectiveness of the machine
learning applications [9].

Initially, we investigated some existing research work on hardware support for a
CO-based SVM as well as for a general SVM algorithm. An FPGA-based implementation
for SVM was introduced in [19] for telecommunication. In this case, only the SVM training
phase was implemented on hardware. Some parts of the training phase, such as kernel
and Q matrices, were also computed offline. In [20], a coprocessor was introduced only
for the kernel matrix computation [20] of the SVM training. However, it is imperative to
implement all the stages of both the training and testing phases on hardware, especially
for real-time machine learning applications. In [21], a scalable FPGA-based architecture
was proposed for the whole SVM algorithm. Although the proposed hardware classifier
achieved a substantial speedup compared to its software counterpart, the design did not
include techniques to solve the constraint quadratic formulation and to process and analyze
the data in real-time. An FPGA-based accelerator was proposed for a different SVM
algorithm known as least square SVM [22]. In this case, the SVM training was processed
online utilizing a run-time reconfiguration framework and parallel processing architecture.
This improved the speedup but with the penalty in area, which is not feasible especially for
small-footprint embedded devices. In addition to the aforementioned works, we perform
a detailed analysis of existing works on FPGA-based hardware architectures for CO-SVMs,
which is presented in Section 5.5.

As mentioned above, there were several research works on hardware support for
general SVM algorithms in the published literature. Most of these hardware architectures
were not generic or parameterized. Additionally, these architectures were not designed
with embedded devices in mind. None of these works proposed system-level architectures
and associated techniques to facilitate the real-time processing of machine learning applica-
tions. From our extensive investigation (in Section 5.5) and to the best of our knowledge,
we did not find any hardware support or any FPGA-based hardware accelerators, espe-
cially for the convex optimization-based SVM algorithm, in the published literature, which
makes our research novel and unique.

In this paper, we make the following contributions:

• We introduce a novel, unique, customized, and optimized FPGA-based hardware
accelerator specifically for the convex optimization (CO)-based SVM for machine
learning with dynamic training capabilities. Our architectures are generic, parameter-
ized, and scalable; hence, without changing the internal architectures, our designs can
be used to process different datasets with varying sizes; can be executed on different
embedded platforms; and can be utilized for linearly/non-linear separable, multi-
dimensional datasets, making it suitable for various machine learning applications.
We also introduce embedded software architecture for a CO-based SVM classifier.

• Our proposed design is also capable of solving a general convex optimization problem
efficiently and effectively using a decomposition method. We provide three different
options for mathematical kernels, which enable the user to select and utilize the most
suitable option for a given machine learning application.

• We also introduce an efficient systems-level design in order to process the data effi-
ciently and effectively and considering the real-time constraints. We design and inte-
grate unique pre-fetching and burst transfer techniques to reduce the memory access
latency and to facilitate real-time processing.

• We fully optimize our designs and techniques considering the requirements of the
CO-based SVM algorithm and constraints associated with the embedded platforms.
We perform experiments to evaluate the feasibility and efficiency of our designs using
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two different benchmark datasets. We analyze the timing, speedup, classification
accuracy, and resource utilization for our embedded designs.

This paper is organized as follows: In Section 2, we discuss and present the SVM
algorithm and the concepts of optimal hyper-plane, non-linear optimization methods,
and convex optimization utilized in this research work. Our design approach, system-level
architecture, and novel techniques to reduce the memory access latency are detailed in
Section 3. In Section 4, our novel, unique, customized, and optimized FPGA-based embed-
ded hardware accelerator for three stages of a CO-based SVM algorithm is introduced. Our
embedded software design is also presented in Section 4. Experimental results and analysis
in terms of timing, speedup, area, and accuracy are reported and discussed in Section 5.
Analysis of existing works on FPGA-based hardware architectures for a CO-based SVM is
also discussed and presented in Section 5. In Section 6, we summarize our work, conclude,
and discuss future work.

2. Background: Convex Optimization and Support Vector Machines

The support vector machine (SVM), first introduced by Cortes and Vapnik in 1995, is
one of the novel machine learning techniques based on the statistical learning theory [19].
The SVM was initially developed for classification tasks and was later extended to re-
gression analysis [20]. As stated in [6,21], the SVM classifies the data points based on its
location with respect to the hyper-plane. We investigate the published literature to get
an insight into the concepts of the optimal hyper-plane, non-linear optimization methods
for SVMs, and decomposition methods for solving the convex optimization for SVM.

2.1. Optimal Hyper-Plane

The SVM is a commonly used classification technique found in many different fields,
such as digital channel equalization in signal processing, and protein structure prediction
and cancer detection in medical diagnosis [7]. In this case, the concept is to formulate
a hyper-plane with maximum margin width to distinguish between two classes [6,21]. It is
a supervised classification method [6], which often involves a training set of {xi,yi}, where x
is the set of input data samples/vectors, i is the total number of samples, and y is the output
label of the binary classifier, used for identifying the class of the data sample. These are
represented in Equation (1).

x = {x1, x2, x3 . . . xi}∀i, xi ∈ <n

yi ∈ {−1,+1} (1)

Each input vector x, constitutes different features of a dataset represented as, xi = {xi1,xi2,xi3,
. . . , xin}, where, n is the number of features. The formula for the hyper-plane [6,21], and the de-
cision function to determine the class, are represented by Equations (2) and (3), respectively.

yi(w.x + b)− 1 ≥ 0 (2)

where, w is the weight vector, and b is the bias value.

f (x) = sgn(w.x + b) (3)

The margin width of a hyper-plane can be obtained by projecting a unit normal vector
ŵ to the optimal hyper-plane, as in Equation (4) [6,21].

margin width =
2
||w|| (4)

The SVM can typically be extended to a multi-class classification [22], in which the out-
put label is represented as yi ∈ {y1, y2, y3, . . . ym}, where, m is the total number of classes.
As stated in [21], the multi-class training process can be performed using a one-to-rest
approach. With this approach, m different classes are trained independently, where one
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set of the input vectors forms the positive class, and the remaining input vectors form
the negative class, in the hyper-plane. The classification process can further be carried out,
similar to binary classification.

2.2. Non-Linear Optimization

In order to improve the overall accuracy of the classification tasks, the margin width
of the hyper-plane can be maximized using a non-linear optimization method [9,23]. With
these methods, an objective function subjected to boundary constraints of a hyper-plane
can be derived from Equations (2) and (4) [9,23]. The formula for the objective function is
presented in Equation (5), as follows:

max
w

(margin) = max
w

( 2
||w|| )

Objective function : min
w

1
2
(∣∣w2

∣∣)
Subject to : yi(w.x + b)− 1 ≥ 0 ∀i

(5)

Employing the duality theory and the Lagrange multipliers [21], we can efficiently
calculate the local maxima or the local minima of the objective function in Equation (5) [9,21].
From Equation (5), the constrained optimization problem can be formulated similar to
the non-linear programming/optimization [23]. This constrained optimization problem
can be presented as the primal and dual form as in Equations (6) and (8) [21].

Primal form : min L(w, b) =
1
2

w2 −∑ m
i=1αi(yi(w.xi + b)− 1) (6)

In order to obtain the minimum from Equation (6), let us consider the point where
the gradient is zero [21]. The minimum value for the primal form can be obtained by
applying the partial derivatives with respect to w and b to derive the following formulae
in Equation (7).

∑m
i=1 αiyi = 0

w = ∑m
i=1 αiyixi

(7)

Duality theory is useful for the constrained optimization problem since it provides
a convenient way to improve the data classification by utilizing the non-linear optimization
approach [9].

Dual form : max W(α) = ∑ m
i=1αi −

1
2 ∑ m

i, j=1αiαjyiyj.K
(

xi, xj
)

(8)

The primal form (in Equation (6)) can be solved using several methods [9], including
the Newton method, least-squares algorithms, stochastic sub-gradient method, cutting
plan algorithms, and interior point method. The dual form (in Equation (8)) can also be
solved using the decomposition methods and interior point method [9]. The dual form has
the advantage of utilizing mathematical kernels. Mathematical kernels are a set of algebraic
transformation functions, which provide similarity information between data features [24].
To use the mathematical kernels, the dual form depends on the pair of samples, such as
K(xi.xj) as in Equation (8). Utilizing the mathematical kernels, the SVM classification can be
extended to non-linearly separable datasets [21].

After obtaining the local maxima or the local minima from Equations (6) and (8),
the optimal value for α is evaluated to identify the support vectors [9,21]. The support
vectors are the input vectors closest to the hyper-plane and have an α value greater
than zero (α > 0) [9]. The dimensional coordinates of the support vectors determine
the orientation of the hyper-plane. Any other vector may result in closer to zero α value,
which indicates that the data points have less impact on the orientation of the hyper-plane,
and are also situated further away from the hyper-plane [21].
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2.3. Convex Optimization

Typically for large-scale applications, due to a high volume of data, the constrained
optimization problem presented in Equation (8), must converge to the minimum value,
in order to find the best fit for constructing an optimal hyper-plane [9]. As stated in [8],
for convex optimization, all local minima are considered as the global minimum. In this
case, due to the presence of noise in some datasets, the soft margin parameters such as
l-norm error parameter (penalty parameter, C and slack variable (ξ)) must be considered for
a better generalization of the primal form [9,21]. Since the aforementioned non-linear opti-
mization/programming consists of an equality constraint, the dual form (in Equation (8))
can be reduced to the general form of the convex optimization problem by integrating
soft margin parameters [23]. Hence, the overall objective function in Equation (8) can be
modified to the following Equation (9).

Dual form, objective function : min
α

W(α) = 1
2 ∑m

i,j=1 αiPαj −∑m
i=1 qTαi

Subject to 0 ≤ αi ≤ C
∑m

i=1 αiyi = 0
(9)

Equation (9) is similar to the general form of convex optimization, as stated in [8], with
the equality constraint and the box constraint, and can be written as Equation (10) below.

Dual form, objective function : min
x

f (x) = min
x

1
2 xT Px− qTx

Subject to 0 ≤ Gxi ≤ h
A.x = b

(10)

In convex optimization, the above objective function (in Equations (9) and (10)) should
converge in such a way that it satisfies the Hessian matrix condition [9], which states that
the contour of the convex plane should be continuously differentiable as in Equation (11).
Then, the optimal solution can be found where the gradient value is zero [21].

δy
δx
∗ δy

δx
≥ 0 (11)

In Equation (10), the P matrix is symmetric and positive semi-definite; and both the ob-
jective function and the constraint function are convex [8,23]. Especially, for large-scale
applications, the resultant matrices are dense, thus, difficult to solve. Therefore, the decom-
position methods are often used to break down the convex optimization process by finding
the two working sets [25,26], as shown in Equation (12). Proper selection of the “working
sets” impacts the performance of the convex optimization algorithm and its convergence
properties [9,27]. In this case, the process of finding the two working sets to determine
the support vectors in the training set is a compute-intensive and iterative process. Hence,
by providing customized and optimized FPGA-based accelerators, we can dramatically
enhance the speed-performance of these compute-intensive applications (or tasks).

The decomposition methods, such as sequential minimal optimization, are employed
to solve the non-linear optimization applications/tasks by sequentially selecting the working
set based on the proximal point with respect to the objective function (in Equation (10)) [26].
Considering the various methods employed to solve the non-linear optimization, the Sequential
Minimal Optimization (SMO) is the most popular, due to its ability to handle large-scale
datasets efficiently and effectively [25]. In this case, at each iteration, the input vector x (in
Equation (10)) is divided into two working sets as (xk, xk), where, k is the current iteration
count, xk is the current input vector, and xk is the previous input vector. Based on the specified
starting point, the objective function (in Equation (10)) is solved to converge to a minimum
value [26]. More information about Equations (9) and (10), the selection of the working sets,
stopping criteria, and other methods to solve the non-linear optimization/programming can be
found in [9,25].
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For convex optimization (from Equation (10)), a feasible point of (0,0) is initially
selected for the working sets, which is the first input data sample in Equation (1). Then
based on the direction of the gradient descent, the next working set is selected [28,29].
Selecting the feasible point and the working set can impact the total time required to
solve the convex quadratic optimization. As stated in [9], the solution for the convex
optimization (in Equation (10)) is found, by selecting the suitable working set, which
satisfies the following criteria in Equation (12).

max
i∈R(α∗)

{
−∇ f (α∗)

yi

}
≤ min

j∈S(α∗)

{
−∇ f (α∗)

yj

}
(12)

In Equation (12), the R(α) and S(α) are the index sets used to characterize the descent
direction and identify the optimality conditions. Based on the descent direction, the ob-
jective function (in Equation (9)) converges to the minimum α value, which is used to
determine the orientation of the separating hyper-plane [9,21]. In this case, constructing
the hyper-plane establishes an explicit distinction between the different classes of the data.

It has been illustrated [9,23] that the non-linear optimization methods for the SVM,
employed to construct the hyper-plane, have significantly enhanced the overall speed-
performance of the SVM classifier, and have also led to the high accuracy of the results.
However, obtaining the minimum values for the objective function (in Equations (9) and (10))
is a compute-intensive task, which depends on the number of input samples. Hence, it is
imperative to design, develop, and provide customized and optimized FPGA-based hardware
accelerators to enhance the speedup of these compute-intensive tasks.

3. Design Approach and Development Platform

In our designs, both hardware and software versions of various operations/tasks are
implemented using hierarchical platform-based and modular-based design approaches to
facilitate component reuse at different levels of abstractions. As illustrated in Figure 1, at
the highest level, our CO-based SVM algorithm comprises the training and testing tasks.
During the training process, based on Equations (9) and (10), the objective function is
formulated to define the hyper-plane, select a suitable mathematical kernel, and obtain
the optimal solution. During the testing process, the decision function of the classifier
is computed using the sign verification operation (in Equation (3)). The aforementioned
intermediate operations to process the training and testing tasks involve vector addi-
tion/multiplication, matrix computations, and various other arithmetic operations, which
are placed at the lowest level of our platform-based design hierarchy.
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During our early design phase, we investigate and utilize the integer units and also
the double-precision floating-point units as our FPGA-based Intellectual Property (IP).
From these experiments, the integer-based designs exhibit results with quite a low accuracy,
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whereas the double-precision floating-point designs occupy a larger area on the chip. These
facts illustrate that the former might not be suitable for real-time applications, which
typically require results with high accuracy; and the latter is not necessarily suitable
for the embedded devices with stringent area requirements. Furthermore, for the high
dimensional input vectors, the optimal solution for α could not be reached (in Equation (9)),
utilizing the double-precision floating-point units, since these units not only create large
on-chip logic resources requirements but also high latency requirements. Hence, we
strive to approximate the results for the double-precision floating-point units, without
compromising the accuracy of the results. As a result, we utilize the single-precision
floating-point units, which create a tradeoff among the accuracy and area, and power. In
this case, most of the lower-level operators are designed and implemented using the single-
precision floating-point units in the Xilinx IP core library [30]. The same floating-point
unit in [30] is configured and utilized for various fundamental operators (e.g., multipliers,
adders, subtractors, dividers, etc.) of our proposed embedded hardware architectures
presented in Section 4.2.

All our embedded hardware and software experiments are performed on the ML605
FPGA development platform [31–33] which utilizes a Xilinx Virtex-6 XC6VLX240T-FFH1156
device. This development platform consists of large on-chip logic resources (37,680 slices),
748 DSP48E1 slices, 512 MB DDR3-SDRAM (Double-Data-Rate Synchronous Dynamic
Random Access Memory), and 2 MB on-chip BRAM (Block Random Access Memory) [34].
More details of the ML605 development platform and the specific Virtex-6 FPGA utilized
can be found in [32,33].

The vector computations are designed in such a way by integrating the available
DSP48E1 slices to enhance the speed performance. The large 512 MB off-chip memory
resources are useful to store large datasets, typically found in many real-time machine
learning applications.

All our customized embedded hardware modules are designed in mixed VHDL
and Verilog, using Xilinx ISE 14.7 and XPS 14.7 design tools. They are executed on the afore-
mentioned Virtex-6 FPGA running at 100 MHz (in real-time) to verify their correctness
and performance. The results and the functionalities of the hardware designs are further
verified using the ModelSim SE and Xilinx ISim tools. All our embedded software modules
are written in C++ and executed on the 32-bit RISC MicroBlaze soft processor running
at 100 MHz on the same FPGA. Xilinx XPS 14.7 and SDK 14.7 tools are used to design
and verify the software modules. Unlike the hard processors, the MicroBlaze soft processor
must be synthesized and mapped onto the configurable logic blocks of the FPGA. The Mi-
croBlaze is also configured to use single-precision floating-point units for the software
modules. The performance gain or the speedup is evaluated using the baseline software
execution time over the improved hardware execution time. The hardware and software
execution times are obtained from the AXI Timer [35]. Additional software experiments
are performed on desktop computers to verify our results (i.e., to verify the correct func-
tionality and operation, and accuracy) from the embedded hardware and embedded
software designs.

The overall speedup is evaluated and reported using two different benchmark datasets
obtained from the UCI machine learning repository [36]: Wisconsin breast cancer diag-
nostic dataset [37] and Ionosphere dataset for machine learning [38]. The Cancer dataset
consists of 569 samples (or vectors), each having 30 features (or attributes) to describe
the characteristics of the cancer cell nuclei. These cancer cells are obtained using a fine
needle aspirate and the main features are obtained from a digitized image. The Ionosphere
dataset comprises a set of phased-array data obtained from 16 high-frequency radars. It has
351 samples, each having 34 features to characterize the complex electromagnetic signals.
The total sizes of these two datasets are 68,280 bytes and 47,736 bytes, respectively.
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3.1. System-Level Architecture

Figure 2 demonstrates the system-level architecture for our embedded hardware
and software designs. Since 2 MB on-chip BRAM, on Virtex-6 FPGA on ML605 board, is
not sufficient to store the large amount of data commonly found in many machine learning
applications, we integrate the 512 MB DDR3-SDRAM external memory into the system.
In this case, DDR3-SDRAM and the DDR3-SDRAM memory controller run at 200 MHz,
whereas the rest of the system is running at 100 MHz. As illustrated in Figure 2, we
utilize the AXI (Advanced Extensible Interface) bus [39] to facilitate communication among
the peripherals at the system level.
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Figure 2. System-Level Architecture.

During the initial software design phase, we configure the MicroBlaze processor to
have the maximum available cache memory of 128 KB. However, this 128 KB of cache
memory is not sufficient to execute our software code and to process the data, and our code
starts hanging. Hence, we vary the heap and stack size and also increase the addressing
of the cache memory to accommodate 256 KB. This indeed resolves our cache memory
constraint issue, although the Xilinx XPS tool still reports the size of the cache memory
as 128 KB.

As shown in Figure 2, our user-defined/designed custom Intellectual Property (IP)
communicates with the DDR3-SDRAM and the MicroBlaze using the AXI bus through
the AXI Intellectual Property Interface (IPIF) module, using a set of ports called the Intel-
lectual Property Interconnects (IPIC) [39]. Typically, after the MicroBlaze processor sends
a start signal to our user-defined IP via the AXI4-lite bus and the AXI IPIF interface, our user-
defined IP starts processing, directly reads/writes data/results from/to the DDR3-SDRAM,
and sends a finish signal to the MicroBlaze processor when the execution is completed.

For our hardware design, we provide an AXI4 burst/stream high-throughput interface
for streaming the data from the DDR3-SDRAM to our user-defined IP for real-time process-
ing. One of our design goals is to create our system-level architecture in such a way as to
train and classify a continuous stream of data using the AXI4 burst/stream interface. In
a real-world application scenario, this feature enables proving a direct connection between
our user-defined hardware IP and a camera, (for instance, in an autonomous car), in order
to process the input data on-the-fly. This enables our hardware IP to perform the training
and classification processes dynamically to cater to the ever-changing environment. By
streaming the data and processing the data directly, reduces the amount of memory storage
required for the embedded designs.
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3.2. Pre-Fetching Techniques and Top-Level Architecture

From our previous work [40,41], it was observed that a substantial amount of time
was spent on accessing DDR3-SDRAM off-chip memory, which was a major performance
bottleneck. Hence, in this work, we design and integrate a pre-fetching technique to
address the memory access latency issue in our user-defined hardware IP.

As shown in Figure 2, the AXI4-lite and AXI4 interfaces act as glue logic for the whole
system, including the MicroBlaze processor, internal peripherals, and the user-defined
IP [39]. AXI4-lite is a single transaction memory-mapped bidirectional interface. In our
design, the MicroBlaze sends/receives certain control signals, and also monitors the status
of the user-defined IP via the AXI4-lite bus and via the slave registers (or software accessible
registers). These 32-bit slave registers are also used to send the SVM specifications, such as
kernel type, dimensions of the input vectors, penalty/slack variables, to the user-defined
IP, along with the initial memory address of the DDR3-SDRAM to access the datasets.

Apart from the AXI4-lite, the user-defined IP reads/writes data/results from/to
the DDR3-SDRAM via the AXI4 bus. AXI4 master burst is a high-performance memory-
mapped interface capable of transferring burst size of up to 256 data beats, which are
compatible with 16, 32, 64, and 128 data width with a single address transaction phase [42].
As stated in [39,42], with this data width, we can transfer up to 1 MB (2n − 1 bytes) per cycle
on the IPIC command interface. Utilizing the AXI4 master burst capabilities, the memory
access time is dramatically reduced for the SVM training and the SVM testing processes.

Our proposed pre-fetching technique is illustrated in Figure 3. During the pre-fetching
mode, our user logic module (in Figure 3) determines the total number of bytes to be fetched
utilizing the aforementioned SVM specifications provided by the MicroBlaze via the slave
registers. Next, the address generator and the AXI master burst controller configure
the control signals of the IPIC with a suitable data width, a burst length, and a number of
beats per cycle. Then, the AXI master burst controller sends the aforementioned details
about the data, as well as the “master read request” signal to the AXI interconnect core.
Once the AXI master receives the “read request acknowledgment” signal from the AXI
interconnect core, the user IP can start receiving the data from the DDR3-SDRAM, can
store the data in the BRAM. Then the user logic can start the training process. In this
case, the address generator is essential to index the correct values for matrix computations.
After completing the training process, the AXI master burst controller is designed to
automatically set up for the write operation, in order to store the weight vectors and the bias
values in the DDR3-SDRAM, for subsequent computations/analysis.
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4. Embedded Architectures for the Convex Optimization-Based-SVM

In this section, we introduce novel, unique, and efficient embedded architectures (both
hardware and software) for the convex optimization-based (CO-based) support vector
machine (SVM) classification algorithm.

4.1. Embedded Software Design

Prior to our embedded software designs, we design and develop the software for
our convex optimization-based SVM algorithm in C++ using the Microsoft Visual Studio
development tools. This software design is executed on a desktop computer with an Intel
i7 processor running at 2.3 GHz. Our results are compared and verified with the results
from the open-source python code obtained from [43]. Both the C++ and python results
are also used to verify our results (i.e., to verify the correct functionality and operation,
and accuracy) from our embedded hardware and embedded software architectures.

In order to cater to the resource constraint nature of the embedded devices, we
significantly modify the aforementioned C++ software architecture, initially developed
for desktop computers. In this case, we create the codes leaner and simpler, in such
a way to fit into the available program cache memory of the embedded microprocessor,
i.e., MicroBlaze, without impacting the internal structure/flow and the functionalities of
the overall algorithm.

For our embedded software designs, the MicroBlaze processor is configured to have
the maximum available cache memory of 128 KB, from which 64 KB is used for the Instruc-
tion Cache and 64 KB is used for the Data Cache. The capacity of these data and instruction
cache memories can be varied; however, the total can not exceed the maximum available
cache memory.

During our embedded software design phase, we encounter several issues due to
the stringent constraints of the embedded devices. One of the major issues is due to
the limited memory resources. In this case, certain functionalities of the normal C++
programs, executed on desktop computers, can not be directly designed and implemented
on the embedded devices. For instance, importing a pre-processor directive for vector
computations from the desktop computer to the embedded devices resulted in memory
limitations issues. To resolve this issue, initially, we vary the heap and stack sizes; then we
design a compact function in software that is capable of performing the vector computation
efficiently and effectively.

Our embedded software architecture for the convex optimization-based SVM algo-
rithm comprises three stages. These three stages as well as the functional flow of our
embedded software design are presented in Figure 4.
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Figure 4. Software and Functional Flow for the CO-Based SVM Algorithm.

4.2. Embedded Hardware Design

In this sub-section, we introduce our novel, customized, and optimized embedded
hardware architecture for the convex optimization-based SVM algorithm. In this case, we
examine and analyze the functional flow of the aforementioned algorithm. Subsequently,
we partition this complex algorithm into three stages (SVM Module in Figure 3) to simplify
the design process. The operations of these three consecutive stages are mathematical
kernels, convex optimization (or convex solver), and testing (or tester). It should be noted
that the solver is considered as the hardware IP to perform the optimization stage.

In this research work, we design and develop customized and optimized embedded
hardware architectures for each stage as separate modules. The hardware designs for each
stage comprise a datapath and a control path. The control path consists of finite state
machines (FSMs) and manages the control signals of the datapath and the BRAMs. We also
design a top-level module (i.e., SVM Module in Figure 3) to integrate the three modules
for the three stages. The top-level module provides necessary communication/control
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among the three stages. The control path of the top-level module also consists of sev-
eral FSMs, multiplexers, and tri-state buffers to control the timing, routing, and internal
structures/functionalities of the designs.

The three stages of the CO-based SVM algorithm are executed non-sequentially to
utilize the parallel processing nature of the FPGA-based hardware. Initially, the first stage,
i.e., the mathematical kernel, is processed until a certain amount of results is obtained
from this stage. Then the p and q matrices (in Equations (9) and (10)), in the second stage,
i.e., the optimization (or the solver), is computed on the aforementioned kernel results,
while the remainder of the mathematical kernel is proceeding. In this case, the execution
time to compute the p and q matrices is typically less than the execution time to compute
the mathematical kernel; and the former depends on the results of the latter. Hence, we
design and develop a simple counter to create a time delay in order to wait until the kernel
has processed at least 50 training data samples, i.e., closer to 10% of the total data size,
before starting the second stage. For all the stages, the intermediate/final results are
stored in the BRAM, and after all three stages are processed, the final results are written to
the DDR3-SDRAM.

The internal architectures of these three stages of the convex optimization-based
(CO-based) SVM algorithm are detailed in the following sub-sections. These internal
architectures are customized and optimized in such a way by exploiting the inherent
parallelism and pipeline nature of the CO-based SVM algorithm.

4.2.1. Stage 1: Mathematical Kernels

In the first stage of our embedded hardware design, we select and perform a suitable
mathematical kernel. As stated in [44], linearly inseparable vectors in the input space can be
transformed to linearly separable vectors in the feature space by mapping the data points
to a higher dimensional space. This transformation can be performed with mathematical
kernels (including linear, polynomial, and Gaussian kernels) since the bound does not
depend on the dimensionality of the space for SVM [8]. This is an efficient way to obtain
a well-defined separating hyper-plane [24]. Mathematical kernels are a set of algebraic
transformation functions, which provides similarity information between data features [27].
In order to utilize the mathematical kernels, the mapping function (Φ(x)) in Equation (13)
must satisfy the Mercer’s condition [24], which states that the inner product of the two
input vectors must be defined for all the features, as represented in Equation (13) below.

K
(
xi, xj

)
= Φ(xi)×Φ

(
xj
)∫ ∫

g(xi)K
(

xi, xj
)

g
(

xj
)
dxidxj ≥ 0

(13)

In this research work, we decide to create customized and optimized embedded archi-
tectures for the linear, polynomial, and Gaussian radial basis function (RBF), since these are
the three most popular mathematical kernels used for the SVM algorithm. The equations
for these three mathematical kernels are as follows [6]:

Linear Kernel : K
(

xi, xj
)
= xi × xj (14)

Polynomial Kernel : K
(

xi, xj
)
=
(
c + xi × xj

)d (15)

Gaussian RBF Kernel : K
(

xi, xj
)
= e−γ(xi−xj)

2
(16)

The datapath for the polynomial kernel is illustrated in Figure 5 (corresponding to
modules 2), whereas the datapath for the linear kernel is the dotted lines of Figure 5
(corresponding to modules 1). As shown, the datapath of the linear kernel consists of
a multiplier, adder, and an accumulator register with the feedback loop to the adder,
whereas the datapath for the polynomial kernel has a second adder and a power module.
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The result of the linear kernel is the dot product operation of the two input data
samples. In this case, initially, the first two elements of the two data samples are read from
the BRAM, which is the first two elements of the first row, and the multiplication operation
is performed, followed by the accumulation operation on each multiplier result. This
process will continue until this multiplication and accumulation (MAC) operation is per-
formed on the last two elements of the two data samples. Then, the final result of the MAC
operation is forwarded and stored on the BRAM for subsequent analysis/computations.
As depicted in Figure 5, the modules in the dotted line comprise the MAC operation.

For the datapath for the polynomial kernel, the inputs to the second adder are the final
result from the linear kernel as well as the coefficient c. This addition result goes through
the power module to perform the “power of d” on the addition results. In this case, we
create a hardware module for the power function using a simple loop to iterate the multipli-
cation based on the specified degree (d) value. Although this degree value is parameterized
in our design, a commonly used quadratic kernel is performed by considering this degree
value as two (2). The final result of this power module is also forwarded and stored on
the BRAM for subsequent computations.

The datapath for the Gaussian kernel is demonstrated in Figure 6. The Gaussian radial
basis function (RBF) kernel is the most popular among the aforementioned three mathe-
matical kernels. The datapath comprises 3 MAC modules to perform part of Equation (16),
which is (xi − xj)2, expanded into xi

2 + xj
2 − 2xi.xj, which requires three dot product

operations. Next, the addition operation is performed on the results of the two square
operations, while the result of the MAC3 operation is multiplied by two. Then the multi-
plier result is subtracted from the result of the addition operation. The subtractor result
is multiplied by the parameter known as gamma (γ). As stated in [43], this gamma (γ)
parameter determines the influence of a data sample on the separating hyper-plane. In
this case, the gamma (γ) value typically varies from 10−3 to 10+3 as needed. In this re-
search work, as detailed in Section 5, we vary the gamma (γ) value from 2 × 10−3 to
2 × 10+2 for both our embedded hardware and software designs. As shown in Figure 6,
the result of the multiplier operation (with Mult2) goes through the exponent module to
obtain the final result of the Gaussian RBF kernel. In this case, we create a parameterized
exponent hardware module based on the Taylor series expansion, which is represented
by Equation (17) [45]. Since the number of terms in the Taylor series becomes infinite,
for both our embedded hardware and software designs, we limit the number of terms
to be the first 5 terms/elements of the Taylor series, as shown in Equation (17), without
compromising the accuracy of the final exponent result. Next, we create our exponent
module in such a way to process each term/element of the Taylor series in sequence (i.e.,
to process one element at a time). Although not shown here, the datapath of the exponent
module consists of a multiplier, divider, and adder, which are being reused to process each
term of the Taylor series in an iterative fashion. The final result of this exponent module is
forwarded and stored on the BRAM for subsequent computations.
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+
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The output size of the matrix for the kernel computation depends on the number of
input data samples (m). Thus, the size of the K(xi,xj) matrix is mXm. After processing
10% of the data for the kernel computation, the convex optimization process is initiated.
The computation to track 10% of the data processing is implemented using a simple counter.
The kernel computation is necessary to perform each iteration of the next stage, which is
the convex optimization. Hence, initially, the results of the mathematical kernel are stored
on the BRAM to ease the iterative process of convex optimization.
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4.2.2. Stage 2: Convex Optimization

The optimization stage is the most complex operation among the three stages of
the convex optimization-based (CO-based) SVM algorithm. In order to reduce the com-
plexity, we divide stage 2 into three phases: parameter initialization, convex optimization,
and bias value computation. In this stage, the dual form of the SVM (in Equation (8)) is
utilized to formulate the general convex optimization as shown in Equations (9) and (10).

Parameter Initialization Phase

During the parameter initialization phase of stage 2, several parameters in Equations
(9) and (10) are computed including the objective function parameters (i.e., P, q), constraint
parameters (i.e., G, h, A, bconst), and other parameters (α, Grad, feasible point). In the convex
optimization phase, the α value and the Grad value are evaluated for each iteration using
the sequential minimal optimization (SMO) decomposition method (detailed in Section 2.3).
Once the maximum number of iterations is reached, the bias value b is computed in
the final bias value computation phase. This bias value is used to determine the intercept
of the hyper-plane.

In this paper, for stage 2, we design a generic convex optimization solver utilizing
the same naming convention for the parameters as the general form of convex optimization
from Equation (10). In this case, the naming conventions b and bconst are the bias value (in
Equation (2)) and the constraints value (in Equation (10)) respectively. The aforementioned
objective function and constraint parameters are computed in Stage 2 (phase 1). These
correspond to steps (b) and (c) in Figure 4.

Objective function parameters: The P parameter (in Equations (9) and (10)) is an mXm
matrix, which is computed using the dot product of the output labels yi.yj. The y variable is
the output label obtained from the dataset, and y represents the class of the data sample, as
in Equation (1). In our design, during stage 1, y is typically pre-fetched to the BRAM with
the input samples. During stage 2, the result of the dot product (yi.yj) is multiplied with
the result of the kernel matrix K(xi,xj), in order to obtain the P matrix (in Equation (18)).
In this case, as illustrated in Figure 7, the modules to compute the P matrix consist of
a MAC unit and a multiplier (i.e., MAC1 Unit and Mul1, in Figure 7). The elements of
the P matrix are stored in the BRAM. The elements of the P matrix in the BRAM are
accessed using two separate address generators, in order to create two sets of matrices
Pset1 and Pset2. As stated in [6], for big data analysis, the size of the P matrix increases in
squared terms with the increasing number of input data samples; thus, performing the con-
vex optimization using conventional methods such as interior-point methods become
computationally challenging. To overcome this issue, a specific decomposition method
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in [46] is employed to perform convex optimization. With this decomposition method, at
any instance of time during the optimization process, two working sets are selected. This
decomposition method is detailed in the subsequent convex optimization phase. The q
parameter (in Equations (9) and (10)) is an mX1 matrix. The q matrix is an array of ones as
in Equation (19). For simplicity, during the design phase, each element of the q matrix is
kept as constants of 1 s.

Pm = K


y0y0 y0y1 . . . y0ym
y1y0 y1y1 . . . y1ym

...
...

. . .
...

ymy0 ymy1 . . . ymym

 (18)

qm,1 = (1, 1, . . . , 1)× T (19)

Constraint parameters: In Equation (10), the objective function is subjected to the box
constraint (which comprises G and h parameters), and the equality constraint (which
consists of A and bconst). In this case, A parameter is a 1Xm matrix in Equation (10),
which is the same as the output label y in Equation (9). Additionally, bconst parameter in
Equation (10) is set to zero in Equation (9). In addition, the G parameter in Equation (10)
is a constant value of 1. The maximum threshold of the box constraint is h parameter in
Equation (10) (i.e., C parameter in Equation (9)). C is considered as the penalty parameter,
which is a user-defined vector provided during the parameter specifications. The value of
C impacts the overall speed-performance of the CO-based SVM algorithm. This impact is
illustrated in Section 5.

Other parameters: α parameter in Equation (9), which corresponds to x in Equation (10),
is crucial to identify the support vectors in the CO-based SVM algorithm. Since the coor-
dinated dimensions of the support vectors determine the orientation of the hyper-plane,
α values for all the input samples are initialized to zeros, prior to performing the convex
optimization. The goal of performing the convex optimization is to compute the minimum
value for α for each input sample. Based on the aforementioned threshold value (C), the input
samples with α value greater than the threshold value will be considered as the support
vectors. Furthermore, as discussed above, since the size of the P matrix increases exponen-
tially with the increasing number of input samples, two working sets (or input samples) are
selected and utilized to compute α in each iteration. In this case, for the initial starting point,
a feasible set of (0, 0) is selected, which is the first input samples of the dataset; and the Grad
(gradient) value is initialized to zero. The slope of the gradient to the minimum value
typically corresponds to the gradient descent direction; hence, the gradient value is utilized
to select the next working set.
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Convex Optimization Phase

After the parameter initialization phase, the convex optimization phase is performed.
During the convex optimization phase, five operations illustrated in steps (d) to (h) in
Figure 4 are performed. The datapath for the convex optimization is shown in Figure 7,
which consists of several adders, multipliers, subtractors, MAC modules, dividers, accu-
mulator registers, comparators, and multiplexers. The convex optimization process (as in
Equation (9)) involves finding the minimum α value. In this case, the α value is computed
using the Add1 to Add4, Mul1, Div1, and M1 (multiplexer) modules, as illustrated in
Figure 7. In order to find the minimum α value, additional comparators, multiplexers,
and reconstruct gradient modules are utilized.

Initially, during the first iteration to find the minimum α value, the two input samples,
Pset1 and Pset2 (stored in the BRAM) are accessed using the two separate address genera-
tors, simultaneously. Next, the result of the addition operation (with Add1 in Figure 7) of
Pset1 and Pset2 are added (using Add2) to the result of the multiplier (i.e., Mul2), which
corresponds to the step (f) in Figure 4. Then, the gradient value is divided (with Div1) by
the result of the second addition operation (with Add2). Since the Grad (gradient) value
is initialized to zero, the initial result of the division is also zero. In our design, the com-
putation of the gradient parameter is modified using the reconstruct gradient module in
Figure 7. The internal architecture of the reconstruct gradient module is demonstrated
in Figure 8. During the first iteration, the value of α is zero. The output (or result) of
the division operation (with Div1 in Figure 7) is considered as the offset value, which in
turn is used to update the α value. Apart from the first iteration, where the initial α value
is zero, from the second iteration onwards, the aforementioned offset value is added to
the α value, computed in the former iteration. For instance, the offset value produced from
the second iteration is added to the α value generated from the first iteration, and so on.
In this case, two addition operations are performed in parallel (using Add3 and Add4),
in order to generate new α values for each working set. The new α values are stored in
the temporary register (i.e., reg in Figure 7), to be used for future iterations. Next, two
subtraction operations are performed in parallel (using Sub1 and Sub2), to find the differ-
ence between the new α value and former α value, which provides the deviation between
the successive iterations. Then, the new α values are multiplied in parallel (using Mul3
and Mul4), with Pset1 and Pset2, to find the gradient value (Grad). These Grad values are
stored in the on-chip BRAM for subsequent iterations and operations. The aforementioned
operations are illustrated in steps (d), (e), (f), and (g) in Figure 4.
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Finding the minimum value, for the objective function in Equation (9), is an iterative
process. This process continues until it reaches the maximum number of iterations, typically
defined by the user. Once the maximum iteration is reached, the α values are compared
with the user-defined threshold value (C) of 10-3 using the Comp module (in Figure 7). In
this case, the α values that are greater than the threshold value are considered as the support
vectors, and the α values that are less than threshold values are discarded. These support
vectors are important to determine the orientation of the hyper-plane. After obtaining
the optimal solution for α (i.e., the minimum α value from Equation (9)), this optimal α
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value is forwarded via the multiplexer (M3) to a multiplier (Mul5) followed by a MAC
module (MAC2) to compute the weight vectors (w) in Equation (7). These weight vectors
and the α values are stored in the BRAM as well as in the DDR3-SDRAM for subsequent
testing stage.

The internal architecture (or the datapath) of the reconstruct gradient computation
is demonstrated in Figure 8. In case the optimization does not converge to a minimum α

value during the iterative process of convex optimization (i.e., steps (d) to (h) in Stage 2,
Figure 4), we utilize the reconstruct gradient module (in Figure 7) to adjust (or update)
the value of the gradient parameter (Grad) and repeat the convex optimization process.
Adjusting the values of the gradient parameter depends on the α values. As illustrated
in Figure 8, the comparator module checks whether the gradient descent direction, of
the current working set is positive or negative. In this case, for the Pset1, if the gradient
descent direction is positive, then the remaining Pset1 values (from t to m) are assigned
from the current number of active sets to the remaining number of data samples; and if
the gradient descent direction is negative, then the working set is reset to select from
the initial set (from 0 to t) as shown in step (h) in Figure 4. Next, the resulting Pset1 is
selected via a multiplexer (Mux2), which is multiplied (with Mu13) with the α value. Then
the addition operation is performed (using Add3) on the results from Add2 and the results
from Mu13, in order to obtain the restructured Grad value. This updated Grad value is
stored in the BRAM for subsequent iterations and analysis, i.e., the “Grad” signal shown
in Figure 7.

Bias Value Computation Phase

The last phase of Stage 2 is the bias value computation phase. The bias value b
in Equation (2) is also known as the offset value [6], which represents the intercept of
the hyper-plane with respect to the origin. The bias value is computed with the following
Equation (20) [9]:

b = −1
2

[
max

{i|yj=−1}

(
∑ m

j=1αiyiK
(

xi, xj
))

+ min
{i|yj=+1}

(
∑ m

j=1αiyiK
(
xi, xj

))]
(20)

b =

(
∑m

i=1 yi −∑m
i=1 αiysvK

(
xi, xj

))
number o f support vectors, nsv

(21)

Equation (20) is modified to include the sum of all the support vectors and then divided
by the total number of support vectors to obtain the mean value as in Equation (21) [43]. As
illustrated, Equation (21) provides the average values for all the support vectors, whereas
Equation (20) identifies the max and min value for each class support vector.

The internal architecture (or datapath) of the bias value computation is demonstrated
in Figure 9, which comprises a MAC module, adder, multiplier, subtractor, divider, and an
accumulator register with a feedback loop to the adder. As shown in Figure 9, the results
(elements) of the kernel matrix (K(xi,xj) obtained from Stage 1) are multiplied with the α

value (obtained from Stage 2). The result of the Mul module is multiplied with the ysv
value (which is the output label in Equation (1) corresponding to the support vector)
and summed using the MAC module. The datapath of Mul and MAC corresponds to
the second summation term in Equation (21). The output label of the support vector (ysv)
is passed through the Add module and accumulator register (as in Figure 9), to obtain
the first summation term in Equation (21). The result of the MAC is subtracted from
the result of the accumulator register, in order to obtain the numerator in Equation (21).
Finally, the result of the subtractor is divided by the total number of support vectors (nsv)
to obtain the bias value. The final bias vale b is stored in the on-chip BRAM as well as in
the DDR3-SDRAM for subsequent analysis.
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4.2.3. Stage 3: Testing

Stage 3, which is our final stage, is the testing process. Typically for classification,
the input dataset is divided into two samples: training and testing. During Stages 1 and 2,
training is performed using the training set, whereas, in Stage 3, testing is performed using
the testing set. For the testing process, the testing data samples are classified into -1 (minus
one) class or +1 (plus one) class, based on the sign value of the function f (x) in Equation (3).
In this case, if the output of Equation (3) is less than zero (f (x) < 0), then the test vectors are
assigned to -1 class; and if the output of Equation (3) is greater than zero (f (x) > 0), then
the test vectors are assigned to +1 class. We utilize the following formula (derived from [9]),
which is known as the decision function (Equation (22)), to design and develop our testing
(or classification) stage of the CO-based SVM algorithm.

∅(xt) = sgn
{
∑ m

i=1αiyiK(xi, xt) + b
}

(22)

The datapath of the testing process, which performs the final SVM classification, is
illustrated in Figure 10. As mentioned before, this datapath is designed and developed
based on Equation (22). In this stage, as in Equation (22), it is necessary to perform the sign
verification for the testing (classification) process. As depicted in Figure 10, the datapath for
the testing (classification) comprises a multiplier, a MAC module, an adder, a multiplexer,
and a comparator. Initially, the test vectors (from the testing sample) are pre-fetched to
the BRAM from the DDR3-SDRAM and forwarded to the kernel block in a pipelined
fashion. As detailed in Stage 1 (Section 4.2.1), the kernel module maps these test vectors
to the feature space. The two aforementioned steps are done in stage 1. In Stage 3 of our
design, we reuse the pre-fetch and kernel modules from Stage 1 to reduce the total area
occupied by our hardware design. The resource utilization is detailed in Section 5.
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In stage 3, as shown in Figure 10, the result of the kernel computation, which is
the kernel matrix, is initially multiplied by the α value (obtained from Stage 2) using
the Mul module. Then the result of the Mul module is forwarded to the MAC module to
multiply with the output label of the support vector (ysv), and then perform the summation
operation corresponding to Equation (22). The α value and the support vector parameters
(ysv) are computed during the convex optimization process, as detailed in Section 4.2.2.
Next, the bias value (b) (obtained in Stage 2 (in Equation (21)) is added (using the Add
module) to the final summation result of the MAC module. Then the result of the adder
is forwarded to the comparator to determine whether the adder result is greater than or
equal to zero. Based on the results of the comparator, the test data samples are assigned to
+1 class or -1 class, via the multiplexer.
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5. Experimental Results and Analysis

We perform experiments to evaluate the feasibility and efficiency of our proposed
embedded designs, for the convex optimization (CO)-based SVM algorithm, in terms
of the speed-performance (speedup), accuracy, as well as scalability to handle different
datasets with varying sizes. We measure the classification accuracy [43] and the speed-
performance utilizing the following Equations (23) and (24), respectively. The scalability
metric is to demonstrate our embedded designs’ capability to handle different datasets
with varying data sizes, and a varying number of attributes, and other varying parameters
that are commonly found in many datasets of machine learning applications.

Accuracy (in %), (yi, ŷ) =
1
ni

∑ ni−1
i=0 1(yi == ŷ)× 100 (23)

Speedup =
Software execution time

Hardware execution time
(24)

During the initial design phase, we compare our results with the results from an open-
source python code [43], in order to verify the correctness and functionality and operation,
and accuracy of our proposed embedded designs. The execution times for the embedded
designs are obtained in clock cycles and converted to seconds. Our proposed embedded
hardware architectures (both the hardware and software) are executed on Virtex-6 FPGA
(running at 100 MHz) and our proposed embedded software architectures are executed on
the MicroBlaze embedded processor (running at 100 MHz) on the same FPGA, whereas
the python code is executed on the desktop computer, with Intel-i7 processor, running
at 2.3 GHz.

In this research work, the experiments are carried out to evaluate our embedded
designs on two different benchmark datasets: the Ionosphere dataset [38] and the Wisconsin
breast cancer diagnostic dataset [37] for machine learning applications. These datasets are
stored in the DDR3-SDRAM and formatted accordingly to distinguish between the input
features and the output labels. The data size is measured by considering the number of
input vectors/samples (n) and the number of dimensions/features (m) in each vector.
For our experiments, data sizes are varied to examine its impact on accuracy, speedup,
and scalability.

For all our experiments, we partition the datasets into two sets: training and testing.
The test set is considered as a percentage of the dataset to investigate the classification
accuracy. In this case, the training set is varied from 10% to 90%, with an increment of
10%. Our experimental results on execution times, speedup, and classification accuracy for
embedded hardware and embedded software designs are presented in Tables 2–7.

Apart from varying the data sizes for the testing and training, the number of iterations
(to find the minima) is also varied for the training process, in order to examine the ability
and the speedup of the convex optimization process to find these minima values.

5.1. Analysis of Resource Utilization

In order to examine the feasibility and area efficiency of our embedded hardware
architectures, cost analysis on space (resource utilization) is carried out. In this case, after
the implementation process, we obtain the significant resource utilization parameters,
including the number of occupied slices, number of BRAMs, and the number of DSP48E1
slices, whereas the number of occupied slices typically consist of the slice registers and slice
LUTs. These resource utilization statistics for our proposed embedded hardware design
are presented in Table 1. As illustrated, for our embedded hardware design, the total
number of occupied slices, number of DSP48E1, and number of BRAMs are 5216, 110,
and 118 respectively. Considering the total number of logic slices (37,680 slices) in Virtex-6
FPGA, our hardware design occupies only 12.7% of the chip area. These resource utilization
values (presented in Table 1) are compatible with our previously proposed FPGA-based
hardware accelerators for applications with similar computation complexity (e.g., data
mining/analytics) on an embedded device [13,40].
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Table 1. Resource Utilization for Embedded Hardware.

Description Occupied Area on Chip

Number of occupied slices 5216
Number of BRAM 36E1 118

Number of DSP48E1 110
Number of slice registers 12,784

Number of slice LUTs 12,965

During our initial design phase, we explore the feasibility and tradeoff of utilizing
the registers versus BRAMs to store the intermediate results. From this investigation, it is
observed that utilization of BRAMs leads to a substantial reduction of the total number
of occupied slices on the chip compared to that of the registers. Furthermore, BRAMs
are imperative to hold the intermediate minima values during the sequential minimal
optimization (SMO) process. For certain operations (such as vector computations), we
utilize the DSP48E1 slices for single-precision floating-point computations. This design
decision also leads to more area-efficient and lower clock latency for the floating-point
operations compared to ones using the pure logic-based options.

Utilizing the on-chip BRAMs (and in few cases, using the registers) to hold the interme-
diate results, substantially reduces the execution time for numerous matrix computations
inherent in the CO-based SVM algorithm, thus enhancing the overall speed-performance
of this algorithm as illustrated in Section 5.4.

The pre-fetching techniques introduced to reduce the memory access latency and the on-
chip BRAM to hold the data/results, indeed add more space (i.e., extra resources) to
the overall design of the CO-based SVM algorithm. Thus, it is important to consider
the speed-space tradeoffs, when designing certain algorithms/techniques, such as CO-
based SVM, for machine learning applications, which typically require processing a large
volume of data, especially on embedded platforms with their stringent area constraints.

5.2. Analysis of Classification Accuracy

We perform experiments to evaluate the classification accuracy of our proposed
embedded designs for the CO-based SVM algorithm. In this case, the classification accuracy
for the CO-based SVM algorithm is obtained with the varying data sizes for the maximum
number of iteration of 1000. The classification accuracy is measured using Equation (23).

In order to measure the classification accuracy, we partition the datasets into two
sets: training and testing. The training set is varied from 10% to 90%, with an increment
of 10% to investigate the classification accuracy. Furthermore, for the linear, polynomial,
and Gaussian radial basis function (RBF) in Stage 1, we investigate and select the follow-
ing specifications: penalty parameter (C) to 1; degree of the polynomial (d) to 2, with
a coefficient of 1; and γ to 0.0001.

The aforementioned parameters are varied to find a good fit for constructing the hyper-
plane. Varying these parameters can potentially lead to under-fitting and over-fitting
problems [43]. The under-fitting occurs when the SVM generalizes the main features
of the data; whereas the over-fitting occurs when the SVM learns that it is sensitive to
the noise [9,43]. As a result, for our experiments, we partition the datasets and utilize
the cross-validation method [9] to select suitable constants. The cross-validation meth-
ods enable us to train the SVM by partitioning the dataset and also enable us to adjust
the aforementioned parameters to obtain the best accuracy results. In this case, in order to
avoid the under-fitting and over-fitting issues, the SVM is trained and tested with different
parameters (C, degree, gamma, number of iterations) to construct a better data classifier.

The classification accuracy results (for both the embedded hardware and embedded
software designs) for the overall CO-based SVM algorithm using Cancer and Ionosphere
benchmark datasets are presented in Tables 2–7, respectively. Three sets of accuracy results
(in percentage) are obtained separately, when using three different mathematical kernels
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for Stage 1, i.e., linear (in Tables 2 and 5), polynomial (in Tables 3 and 6), and Gaussian RBF
(in Tables 4 and 7). The accuracy results are presented in column 7 of these tables.

Table 2. Embedded Hardware and Embedded Software: Execution Time, Speedup, Accuracy using Cancer Benchmark
Dataset for Linear Kernel, with C = 1, d = 2, γ = 0.0001.

Data Size Training
Set (%) No. of Vectors MicroBlaze Execution

Time (Clock Cycles)
Hardware Execution
Time (Clock Cycles) Speedup Accuracy (%)

1707 10 57 161,890,000 6,933,463 23.35 83.43
3414 20 114 328,230,000 13,357,865 24.57 92.32
5121 30 171 655,110,000 24,470,082 26.77 90.47
6828 40 228 1,342,490,000 32,207,844 41.68 91.52
8535 50 285 2,112,080,000 35,770,689 59.04 92.28

10,242 60 342 3,109,080,000 43,691,507 71.16 91.66
11,949 70 399 4,294,380,000 61,637,143 69.67 92.39
13,656 80 456 5,773,890,000 84,519,878 68.31 91.22
15,363 90 513 7,551,280,000 101,299,406 74.54 92.98

Table 3. Embedded Hardware and Embedded Software: Execution Time, Speedup, Accuracy using Cancer Benchmark
Dataset for Polynomial Kernel, with C = 1, d = 2, γ = 0.0001.

Data Size Training
Set (%) No. of Vectors MicroBlaze Execution

Time (Clock Cycles)
Hardware Execution
Time (Clock Cycles) Speedup Accuracy (%)

1707 10 57 359,265,478 122,811,272 2.93 81.09
3414 20 114 1,698,749,510 134,533,462 12.63 86.18
5121 30 171 4,548,668,857 155,902,214 29.18 93.48
6828 40 228 7,772,314,965 184,562,787 42.11 88.88
8535 50 285 12,353,625,978 222,771,368 55.45 86.31

10,242 60 342 19,230,324,150 268,144,802 71.72 93.42
11,949 70 399 19,744,400,000 323,179,673 61.09 92.98
13,656 80 456 25,290,974,839 385,245,965 65.65 92.98
15,363 90 513 27,795,974,670 460,237,826 60.39 96.49

Table 4. Embedded Hardware and Embedded Software: Execution Time, Speedup, Accuracy using Cancer Benchmark
Dataset for Gaussian RBF Kernel, with C = 1, d = 2, γ = 0.0001.

Data Size Training
Set (%) No. of Vectors MicroBlaze Execution

Time (Clock Cycles)
Hardware Execution
Time (Clock Cycles) Speedup Accuracy (%)

1707 10 57 622,351,344 46,237,098 13.46 73.54
3414 20 114 1,699,669,752 94,583,736 17.97 88.79
5121 30 171 2,762,669,586 110,772,637 24.94 89.61
6828 40 228 4,754,029,339 128,835,483 36.90 92.72
8535 50 285 7,267,484,089 148,984,913 48.78 92.66

10,242 60 342 10,895,192,675 224,134,801 48.61 92.48
11,949 70 399 15,652,953,272 337,420,850 46.39 91.14
13,656 80 456 22,175,875,454 385,131,564 57.58 90.81
15,363 90 513 25,205,111,592 463,926,221 54.33 90.27
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Table 5. Embedded Hardware and Embedded Software: Execution Time, Speedup, Accuracy using Ionosphere Benchmark
Dataset for Linear Kernel, with C = 1, d = 2, γ = 0.0001.

Data Size Training
Set (%) No. of Vectors MicroBlaze Execution

Time (Clock Cycles)
Hardware Execution
Time (Clock Cycles) Speedup Accuracy (%)

1194 10 36 339,293,000 10,589,052 32.04 65.94
2387 20 71 1,002,549,999 30,265,650 33.12 67.53
3581 30 106 2,088,900,000 52,608,548 39.70 69.78
4774 40 141 3,566,149,999 86,932,128 41.02 61.66
5967 50 176 5,243,630,000 102,803,892 51.00 77.26
7161 60 211 7,641,730,000 134,483,893 56.82 75.60
8354 70 246 10,094,000,000 162,238,668 62.21 96.71
9547 80 281 13,728,500,000 218,501,180 62.83 95.12

10,741 90 316 19,554,900,000 311,316,697 62.81 100.00

Table 6. Embedded Hardware and Embedded Software: Execution Time, Speedup, Accuracy using Ionosphere Benchmark
Dataset for Polynomial Kernel, with C = 1, d = 2, γ = 0.0001.

Data Size Training
Set (%) No. of Vectors MicroBlaze Execution

Time (Clock Cycles)
Hardware Execution
Time (Clock Cycles) Speedup Accuracy (%)

1194 10 36 454,131,374 12,7739,374 3.55 65.82
2387 20 71 1,109,957,922 12,4685,905 8.90 67.96
3581 30 106 2,412,208,381 13,2320,757 18.23 69.16
4774 40 141 4,156,918,296 14,7575,466 28.16 61.47
5967 50 176 6,088,204,069 16,3878,344 37.15 77.65
7161 60 211 8,680,224,863 18,2982,124 47.43 75.68
8354 70 246 11,520,789,306 20,6488,474 55.79 96.20
9547 80 281 15,680,125,496 23,9989,386 65.33 100.00

10,741 90 316 20,949,687,217 26,4792,097 79.11 100.00

Table 7. Embedded Hardware and Embedded Software: Execution Time, Speedup, Accuracy using Ionosphere Benchmark
Dataset for Gaussian RBF Kernel, with C = 1, d = 2, γ = 0.0001.

Data Size Training
Set (%) No. of Vectors MicroBlaze Execution

Time (Clock Cycles)
Hardware Execution
Time (Clock Cycles) Speedup Accuracy (%)

1194 10 36 131,588,528 17,246,202 7.63 60.32
2387 20 71 443,339,285 33,586,309 13.20 62.20
3581 30 106 1,369,622,549 62,597,008 21.88 71.54
4774 40 141 2,732,821,550 102,237,992 26.73 74.53
5967 50 176 3,938,128,950 136,693,125 28.81 77.67
7161 60 211 8,127,266,954 241,523,535 33.65 68.18
8354 70 246 7,150,427,148 191,957,775 37.25 94.33
9547 80 281 20,918,761,361 528,652,043 39.57 97.59

10,741 90 316 29,338,152,919 718,544,034 40.83 97.79

5.2.1. Analysis of Classification Accuracy with Varying Data Sizes

From Tables 2–7, it is observed that the classification accuracy varies with the different
datasets as well as with varying percentages of training sets. At a glance, the classification
accuracy seems to increase with the increasing percentage of the training set for both
datasets. For instance, classification accuracy increases: from 83–93% (in Table 2) and from
66–100% (in Table 5) with the linear kernel; from 81–96% (in Table 3) and 66–100% (in
Table 6) with the polynomial kernel; and 74–90% (in Table 4) and 60–98% (in Table 7)
with the Gaussian RBF kernel. From Tables 5–7, the Ionosphere datasets have 100%
classification accuracy, when the percentage of the training set is 90% of the dataset with
linear and polynomial kernels. From Tables 2–4, the Cancer benchmark dataset achieves
the best classification accuracy of 96% with the polynomial kernel, when the percentage
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of the training set is 90% of the dataset. It should be noted that the classification accuracy
results are the same for our embedded hardware designs as well as for our embedded
software designs.

Apart from our embedded hardware and software designs, the classification accuracy
experiments are also performed on the python code running on the desktop computer.
The accuracy graphs of the python code design results when using the linear, polyno-
mial, and Gaussian RBF mathematical kernels are presented in Figures 11 and 12 for
the Cancer and Ionosphere benchmark datasets (with the maximum number of iteration
of 1000), respectively. The accuracy results of our designs when using the linear, poly-
nomial, and Gaussian RBF mathematical kernels (from Tables 2–7) are also presented in
Figures 11 and 12 for the Cancer and Ionosphere benchmark datasets, respectively.
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From Figure 11, it is observed that the classification accuracy of the python codes does
not increase with the increasing percentage of the training set for the Cancer benchmark
dataset. In this case, the classification accuracy results of the python code seem highly
inconsistent compared to the classification accuracy results of our embedded designs.
Furthermore, the classification accuracy results seem inconsistent especially among the two
python codes: one with the linear kernel and one with the polynomial kernel. Conversely,
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classification accuracy results for our embedded designs are almost overlapping for all
three kernels. Visually, as depicted in Figure 12, the classification accuracy results of
the python code seem to increase with the increasing percentage of the training set for
the Ionosphere benchmark dataset. In this case, the classification accuracy results seem
slightly inconsistent especially among the two python codes: one with the linear kernel
and the other with the polynomial kernel; whereas the classification accuracy results
for our embedded designs are almost overlapping for all three kernels. As illustrated,
the classification accuracy results of the python code, with the Gaussian RBF kernel, are
quite similar to that of our embedded designs for both the benchmark datasets.

The inconsistencies from the python codes (in Figure 11) might be due to the over-
fitting problems when executed with a constant number of iterations (i.e., 1000 iterations).
From our experiments, it is observed that these python codes converge to a minimum
value with a free-running number of iterations. In this case, the number of iterations is
quite high, for instance, the number of iterations is 18,000 for 10% of the training dataset,
and 13,592,546 for 60% of the training dataset. Although these inconsistencies may require
further investigations on the python codes on desktop computers, it is beyond the scope
of this paper as well as and our research on hardware accelerators for machine learning
applications on embedded devices.

From these results, it is evident that classification accuracy varies with different
datasets, with varying data sizes, as well as with different classification techniques. As
detailed in Section 1, selecting a suitable classifier for a specific dataset is not a trivial
task. By employing the cross-validation method, we can vary and select the most ap-
propriate parameters that can indeed facilitate this task, which in turn will lead to better
classification results.

5.2.2. Analysis of Classification Accuracy with Varying Number of Iterations

The aforementioned classification accuracy results are obtained with varying data sizes
and with a constant number of iterations. We perform additional experiments to analyze
the classification accuracy results with a varying number of iterations and with constant
data size. In this case, we select the training set data size of 50% for both the Ionosphere
and Cancer datasets. In this case, we vary the maximum number of iterations from 100 to
2500 with an increment of 500, to find the minima value. The classification accuracy results
of our designs as well as of the python codes when using the linear, polynomial, and RBF
mathematical kernels are shown in Figures 13 and 14, for the Cancer and Ionosphere
benchmark datasets, respectively.
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As illustrated in Figure 13, the classification accuracy results of the python code seem
highly inconsistent compared to the classification accuracy results of our embedded designs,
for a varying number of iterations for the Cancer dataset. Furthermore, the classification
accuracy results seem highly inconsistent especially among the two python codes: one
with the linear kernel and the other with the polynomial kernel for the Cancer dataset.
Visually, as depicted in Figure 13, the classification accuracy results of our embedded
designs are almost the same; for instance, for our CO-based SVM with the linear kernel,
the accuracy varies from 83% to 92%, with the maximum number of iterations varying
from 100 to 2500, respectively, whereas with the Gaussian RBF kernel, the accuracy remains
the same at 90% regardless of the number of iterations. For our CO-based SVM with
the polynomial kernel also, the accuracy remains the same at 80%, with the maximum
number of iteration varying from 100 to 2000. However, the accuracy decreases from 80%
to 50%, with the maximum number of iterations varying from 2000 to 2500, due to the over-
fitting problem. As illustrated, the classification accuracy results with the Gaussian RBK
kernel are not impacted dramatically by the varying number of iterations and are almost
the same for the python code as well as for our embedded designs.

For the Ionosphere datasets, it is observed that the convex optimization process
converges to the minima with less number of iterations, for instance in 100 iterations in
some cases. As a result, the impact of the number of iterations on accuracy is insignificant,
as shown in Figure 14.

5.3. Analysis of Execution Time

As detailed in Section 4.1, in order to evaluate the speed-performance of our embedded
hardware designs, we design and implement the embedded software for the CO-based SVM
algorithm. The embedded software design is executed on the MicroBlaze soft processor
on the same ML605 development platform. The execution times for both the embedded
hardware and embedded software designs are obtained using the AXI Timer running at
100 MHz on the ML605 board. These execution times are measured in real-time, while our
embedded designs are actually running on the chip. In this case, we design the AXI Timer
in cascade mode to measure the accurate execution time for all three stages of the CO-based
SVM algorithm. This is mainly because in certain scenarios, especially for large datasets,
the execution time exceeds the allowable timer counter value of the AXI Timer. In order
to resolve the counter overflow issue, the AXI timer is designed utilizing two timers in
cascade mode.

The execution times for both our embedded hardware and embedded software de-
signs are obtained with the varying data sizes for the maximum number of iterations
of 1000. The execution times for the overall CO-based SVM algorithm using the Cancer
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and Ionosphere benchmark datasets are presented in Tables 2–7, respectively. Similar to
the classification accuracy results, three sets of execution times for embedded software
and embedded hardware designs are obtained separately, when using three different math-
ematical kernels for Stage 1, i.e., linear (in Tables 2 and 5), polynomial (in Tables 3 and 6),
and RBF (in Tables 4 and 7). The execution time for each set (for both the embedded
hardware and software) is measured 10 times and the average is presented in columns 4
and 5 of these tables, respectively.

The execution times for the embedded hardware and embedded software designs
for the CO-based SVM algorithm using the linear, polynomial, and Gaussian RBF kernels
are illustrated in Figures 15 and 16, respectively, for the Cancer benchmark datasets. As
illustrated, the execution times increase almost exponentially with the increasing data
sizes, for both the embedded hardware and embedded software designs. Somewhat
similar results are obtained when using the Ionosphere dataset. The CO-based SVM with
linear kernel takes less execution time compared to that of the polynomial kernel. As
illustrated in Figures 15 and 16, the execution times are the highest for CO-based SVM with
the polynomial kernels, whereas the execution times are the lowest for CO-based SVM
with the linear kernels for the Cancer dataset.
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Figure 15. Embedded Software for CO-Based SVM: Execution Times vs. Data Size for Cancer
Benchmark Dataset.
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Electronics 2021, 10, 1323 28 of 36

Analysis of Execution Times with Varying Number of Iterations

The aforementioned execution times are obtained with varying data sizes and with
a constant number of iterations. Similar to accuracy analysis, we perform additional ex-
periments to analyze the execution times with a varying number of iterations and with
constant data size. In this case, we vary the maximum number of iterations from 500 to
3000 with an increment of 500, to find the minima value. The execution times for both
the embedded hardware and embedded software are also obtained with the varying num-
ber of iterations for both the benchmark datasets with the training set data size of 50%.
The embedded hardware execution times for Cancer and Ionosphere datasets are presented
in Figures 17 and 18, respectively. Visually, as shown in Figure 17, for our embedded hard-
ware designs, the execution times increase almost linearly with the increasing number of
iterations, for all three kernels, for the Cancer benchmark datasets. For the Ionosphere
benchmark dataset, as depicted in Figure 18, the embedded hardware execution times
increase almost linearly with the increasing number of iterations, for the linear and polyno-
mial kernels; whereas for the RBF kernel, the embedded hardware execution times remain
the same with the increasing number of iterations.
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Figure 17. Embedded Hardware for CO-Based SVM: Execution Times vs. Number of Iterations for
Cancer Benchmark Dataset.
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Figure 18. Embedded Hardware for CO-Based SVM: Execution Times vs. Number of Iterations for
Ionosphere Benchmark Dataset.
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For our embedded designs, we utilize the maximum number of iterations (in our
case, 1000 iterations) as our threshold point to find the minima value, instead of imple-
menting a specific stopping criterion. Hence, our convex optimization solver has to reach
the maximum number of iterations, in order to complete the execution of the CO-based
SVM algorithm. Conversely, a stopping criterion terminates the execution of the CO-based
SVM algorithm, when the objective function converges to the minima value, which may or
may not reduce (or increase) the total execution time.

5.4. Analysis of Speedup

The performance gain (or speedup), resulting from the embedded hardware design
over embedded software running on MicroBlaze, for the CO-based SVM algorithm using
three different mathematical kernels, is presented in column 6 in Tables 2–7. The speedup is
measured using Equation (24). Figures 19 and 20 demonstrate the speedup versus the data
sizes (percentage of the training set) for our embedded hardware design for the CO-based
SVM with the linear, polynomial, and Gaussian RBF kernels for the Cancer and Ionosphere
benchmark datasets, respectively. At a glance, as shown in Figures 19 and 20, the speedup
typically increases as the percentage of training set increases for both datasets.
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Figure 19. Embedded Hardware vs. Embedded Software for CO-Based SVM: Speedup vs. Data Size
using Cancer Benchmark Dataset.
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Figure 20. Embedded Hardware vs. Embedded Software for CO-Based SVM: Speedup vs. Data Size
using Ionosphere Benchmark Dataset.
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For the Ionosphere benchmark dataset, as in Figure 20 (and from Tables 5–7), for
the one with the polynomial kernel, the speedup increases linearly (from 4 times to 79 times
faster than the software counterparts) when the percentage of training set increases from
10% to 90%; for the one with the linear kernel, the speedup increases almost linearly (from
32 times to 62 times faster than the software counterparts) when the percentage of training
set increases from 10% to 70% and the speedup remains the same (62 times faster) when
the percentage of training set increases from 70% to 90%; for the one with the RBF kernel,
the speedup also increases almost linearly (from 8 times to 41 times faster than the software
counterparts) when the percentage of the training set increases from 10% to 90%.

For the Cancer benchmark dataset, as in Figure 19 (and from Tables 2–4), for the one
with the polynomial kernel, the speedup increases linearly (from 3 times to 72 times
faster than the software counterparts) when the percentage of training set increases
from 10% to 60% and the speedup drops slightly when the percentage of training set
increases from 70% to 90%; for the one with the linear kernel, the speedup increases linearly
(from 23 times to 75 times faster than the software counterparts) when the percentage of
training set increases from 10% to 60% and from 70% to 90%; for the one with the RBF,
the speedup increases linearly (from 14 times to 58 times faster than the software counter-
parts) when the percentage of training set increases from 10% to 60% and from 80% to 90%.

As mentioned earlier, additional software experiments are performed on a desktop
computer; thus, we also compare our embedded hardware designs running at 100 MHz
on Virtex-6 FPGA with the baseline python software design on the Intel i7 processor
running at 2.3 GHz. In this case, our embedded hardware design achieves 3.1 times
speedup compared to the python design for the Cancer dataset with the linear kernel;
and our embedded hardware design achieves 34.8 times speedup compared to the python
design for the Ionosphere dataset with the polynomial kernel. These results further justify
the efficiency of our proposed embedded hardware designs.

In summary: It is observed that for the CO-based SVM algorithm, as the number
of samples (i.e., vectors) increases, the accuracy and total speedup also increase. In this
case, when the CO-based SVM classifier has more samples to learn, it could lead to
identifying complex patterns, and also generating a better separating hyper-plane. Further-
more, as the size of the matrices is increasing, as well as the complexity of the computa-
tions/operations is increasing, customized and optimized designs might be the best avenue
to accelerate and enhance various performance metrics of the CO-based SVM algorithms,
compared to the conventional computing platforms such as general-purpose processors.

5.5. Analysis of Existing Works on FPGA-Based Hardware Architectures for CO-Based SVM

We performed an extensive investigation on the existing works on FPGA-based hard-
ware architectures for CO-based SVM algorithms in the published literature. Since we
could not find any related work specifically for the CO-based SVM, we extended our
investigations to the existing works on FPGA-based hardware for a general SVM. Our
investigation revealed that there are many papers on FPGA-based hardware for a SVM;
however, we decided to select, discuss, and present some papers that are most recent
and/or closely related to our proposed hardware architectures and techniques for creating
a CO-based SVM. Hence, it should be noted that this is not an exhaustive analysis of
the existing works on FPGA-based hardware architectures for SVMs. Detailed analysis of
other existing works can be found in some survey papers such as [47,48].

An FPGA-based parallel processing hardware architecture was proposed for a SVM
using stochastic gradient descent (SGD) as the training method, in [49]. The authors
demonstrated the scalability of the SGD approach for a SVM in terms of fixed-point vs.
single-precision floating-point computations. The hardware design was generated using
the Xilinx System Generator design tool and executed on the Xilinx ML605 board with
Virtex-6 FPGA. The authors did not discuss the advantages/disadvantages of utilizing
system generator tools versus ISE tools, since the former might not generate the most
efficient hardware designs. As a result, the occupied area reported seems very high
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for the hardware architecture, considering that the authors did not provide a system-
level design. Furthermore, no testing phase was proposed in the hardware. In this case,
the synthesis results were obtained and reported, in terms of area, time, and throughput;
however, the classification accuracy results were not reported. From the results, it is evident
that parallelization led to the increase in the occupied area, thus confirming that higher
speedup due to parallelization, comes with the penalty of a larger occupied area on the chip.
The proposed design could not execute datasets with more than 4 features/attributes,
which is indeed a limitation when executing a large volume of data with many attributes.
Conversely, our proposed design can execute datasets with varying sizes and with any
number of features/attributes.

In [50], an energy-efficient embedded binarized SVM architecture was proposed
and implemented on an FPGA. The computation kernels were designed in C/C++ and trans-
formed into HDL using Xilinx HLS (high-level synthesis) tools. The proposed hardware
design was executed on Xilinx Virtex-6/7 FPGAs. The results were obtained and reported,
in terms of area, speedup, power, and classification accuracy. The FPGA’s performance ma-
tric results (especially speedup and power) were compared with that of the CPU and GPU.
From the results, it is evident that FPGA and GPU achieved significant speedup compared
to the CPU. However, the power consumption of the GPU was significantly higher than that
of the FPGA. These results illustrate that FPGA-based hardware architecture for SVM can
achieve better performance-per-watt, thus are suitable for embedded devices with stringent
power requirements. The authors only proposed the hardware design for the testing phase;
however, in order to support real-time machine learning applications, it is imperative to
provide hardware designs for both the training and the testing phases.

An FPGA-based hardware accelerator was proposed for approximate SVM in [51],
utilizing two approximation techniques, including precision scaling and loop perforation.
The hardware was designed using the Xilinx Vivado HLS tool and executed on the Xilinx
Zynq7 ZC706 board. The results were obtained and reported, in terms of area, speedup,
and classification accuracy. From the results, it is evident that the approximate computing
led to higher speedup, but with the penalty of larger occupied area (or resource utilization)
on the chip, and lower classification accuracy. In some cases, the significant accuracy loss
did not compensate with a significant increase in speedup. Since the machine learning
algorithms/techniques are being incorporated into many accuracy-critical applications,
it is important to consider certain classification accuracy thresholds for approximating.
Furthermore, as the authors indicated, the utilization of HLS led to more resource-intensive
hardware architectures. It is not clear how the speedup values were obtained, since
the authors did not discuss or present the experimental setup to obtain the execution times
for the approximate SVM, in order to compute speedup. Additionally, numerical precision
plays a major role in training the SVM using optimization; hence, it would be interesting
to see how the precision scaling would impact the training phase since the proposed
approximate SVM hardware accelerator is only for the testing phase.

In [52], an FPGA-based hardware design was proposed for a SVM classifier. In this
case, three variable-size SVM models were implemented using different optimization
techniques. The proposed hardware was designed using the Xilinx Vivado HLS tool
and executed on the Xilinx Zynq7 ZC702 board. The results were obtained and reported in
terms of area, speedup, power, and classification accuracy. As illustrated in [53], the HLS
tools utilized to transform the designs written in C/C+ to HDL, do not necessarily produce
the most efficient hardware, which would be an issue when realizing these designs on
resource-constrained embedded devices. Additionally, in this paper, the training phase was
done offline on software; hence, the support vectors were pre-computed and forwarded to
the proposed hardware design, which is created only for the testing phase. This could be
an issue for real-time machine learning applications.

An FPGA-based parallel processing architecture was proposed in [54] for the training
phase of SVM using Sequential Minimal Optimization (SMO). The proposed hardware
design was executed on Xilinx Virtex-6/7/Ultra-scale FPGAs. The synthesis results were ob-
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tained and reported in terms of area, throughput, and speedup; however, the classification
accuracy results were not reported. In this case, the authors utilized the hardware-friendly
kernel (HFK) for SVM training, which leads to a reduction in the precision of the floating-
point operations. This in turn reduces the classification accuracy, which depends on
the numerical precision. Although a marginal loss in accuracy is acceptable for testing, uti-
lizing HFKs for training would result in an inefficient construction of a hyper-plane during
training. Furthermore, the maximum operating frequencies of the designs seem quite low,
considering the FPGAs utilized can run at 100 MHz or more. From the results and anal-
ysis, it is evident that the reported times, speedups, and throughputs, were estimated
theoretically. In addition, the authors did not discuss and present any details regarding
the hardware designs for exponent computations, memory management, and decision
boundary conditions. Additionally, no testing phase was proposed in hardware.

In [53], an FPGA-based hardware-software co-design was proposed to accelerate
the SVM algorithm by utilizing a two-level approach: first to optimize the global struc-
ture of the SVM, and; second, to refine it through the design exploration. The proposed
architecture was designed using the Xilinx Vivado HLS tool and executed on the Xil-
inx Zynq Zedboard. The results were obtained and reported in terms of area, latency,
and speedup; however, the classification accuracy results were not reported. As the authors
indicated, for high values of SVM parameters, the resource utilization (i.e., occupied area)
increased significantly, which would be an issue for embedded devices with stringent
area requirements. In this paper, the authors extensively discuss and analyze the advan-
tages/disadvantages of utilizing the HLS tools to transform the designs written in C/C+
to HDL, thus providing insight into the HLS inefficiencies, which would be very useful
when creating optimized hardware architectures in order to improve certain performance
metrics, including the latency. Additionally, no training phase is proposed in hardware.

An FPGA-based coarse-grained reconfigurable hardware architecture was proposed
in [55] for various machine learning (ML) algorithms, including SVM, decision trees,
and artificial neural networks. The hardware was designed using the Xilinx Vivado tool
and executed on the Xilinx Virtex-7 FPGA. The results were obtained and reported in
terms of area, and speedup; however, the classification accuracy results were not reported.
The authors’ intention was to provide a single universal solution for the aforementioned ML
algorithms. In this case, in order to change from one ML algorithm to another, the authors
claim that the reconfigurable processing nodes (RPNs) of the proposed architecture can
be reconfigured individually; however, no details are provided on how this can be done.
This requires partial reconfiguration of the FPGA; thus, adding significant complexity to
the design process, which has not been addressed or discussed in the paper. In addition,
with the experiments and analysis, only one ML algorithm (or instance) was implemented
at a time. In order to implement a different ML algorithm, the RPNs need to be reconfigured,
which incurs a reconfiguration time overhead. This reconfiguration time overhead is not
considered in the reported speedup. Furthermore, the proposed hardware architecture is
only for the testing phase.

A scalable FPGA-based architecture was proposed in [56] to accelerate the SVM
classification. The hardware was designed in VHDL and executed on the Altera Stratix III
EP3SE260 board. The results were obtained and reported in terms of speedup; however,
the occupied area was not reported. It is imperative to report resource utilization (or area)
details in order to distinguish the speed-space tradeoffs, especially for small-footprint
embedded devices. Additionally, no detailed discussion and analysis was provided on
the classification accuracy results. Furthermore, in this paper, the authors only proposed
the hardware design for the testing phase. Hence, the support vectors were pre-computed
and stored in the on-chip memory for subsequent processing during the testing phase.
The same authors proposed a design flow for the SVM training phase in [57]; however,
the experimental results and analysis do not show any evidence of an actual hardware
design and implementation.
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From this investigation, it is evident that most of the existing works proposed hard-
ware architectures either for testing or for training, but not for both. Furthermore, most of
these proposed hardware architectures were not generic or parameterized. Additionally,
most of these architectures were not designed with embedded devices in mind. None of
these works proposed system-level architectures and associated techniques to facilitate
the real-time processing of machine learning applications. Consequently, the existing works
did not report the corresponding system-level area and did not consider the associated
memory access latency while reporting timing/speedup. As a result, we could not make
any direct performance comparisons with the existing works on FPGA-based hardware
architectures in the published literature. In summary, from this investigation, and to
the best of our knowledge, we could not find any similar work to ours in the published
literature that provides FPGA-based hardware accelerators for a CO-based SVM, especially
on embedded devices, nor could we find any similar work that proposed system-level archi-
tectures, which is imperative for the machine learning applications in real-world scenarios.

6. Conclusions and Future Work

In this paper, we introduced a novel, customized, and optimized FPGA-based hard-
ware accelerator for convex optimization (CO)-based support vector machines (SVM) on
embedded platforms. Our embedded architectures are generic, parameterized, and scalable.
Thus, without changing the internal hardware architectures, our embedded designs can
be used for different datasets with varying sizes, can be executed on different embedded
platforms, including the platforms with recent FPGAs such as Virtex-7 chips; and can be
utilized for linear/non-linear separable, multi-dimensional datasets, making it suitable
for various machine learning applications such as medical testing for cancer diagnosis,
data analysis for quality control, image classifications, and speech recognition [58], while
satisfying the associated constraints of the embedded devices. By providing generic and in-
dependent IPs (intellectual properties) for each stage, these independent IPs can be utilized
for any machine learning application or other applications that require a SVM algorithm,
and are not limited to a specific application in a specific field.

Our proposed design can be reconfigured to select a suitable mathematical kernel
(out of three, i.e., linear, polynomial, and Gaussian radial basis function), based on the re-
quirements of a given machine learning application. Our proposed designs were cre-
ated and optimized considering the associated constraints/requirements of embedded
devices/applications. We also introduced efficient system-level architecture for our FPGA-
based hardware accelerator in order to process the data efficiently and effectively. With
this system-level design, we designed and integrated unique pre-fetching techniques to
reduce the memory access latency and to facilitate real-time data analysis and processing.

From our investigation on the existing works and to the best of our knowledge, we
could not find any similar work in the published literature that provides FPGA-based
architectures, especially for a CO-based SVM on embedded devices, nor could we find any
similar work that proposed system-level architectures, which is imperative for machine
learning applications for real-world scenarios.

Our embedded hardware accelerator for a CO-based SVM executed up to 79 times
faster than its software counterpart running on the embedded microprocessors. This sig-
nificant performance improvement was due to several hardware optimization techniques
incorporated into our embedded architectures, including creating customized and opti-
mized architectures by exploiting inherent parallelism and pipeline nature of the com-
putations/tasks; designing computations/tasks to overlap with memory access; burst
transfer and pre-fetching techniques. Our embedded designs (both hardware and software)
achieved up to 100% classification accuracy and better performance (i.e., with a constant
number of iterations to find the minima for the convex optimization, requiring much less
number of iterations) compared to the python code on desktop computers. From the results
and analysis of our proposed hardware accelerator, it was also observed that the accuracy
results and the speedup results increased with the increasing data size. These performance
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metrics are crucial especially for real-time machine learning applications, which typically
require processing a large volume of data. We also introduced lean and compact embedded
software architecture for CO-based SVM, which was designed to fit into the available
resources of the embedded microprocessor on-chip. These experimental results are en-
couraging and indeed show great potential in utilizing FPGA-based systems to support
and accelerate machine learning applications, specifically on resource-constrained embed-
ded platforms. The compact size of our proposed architectures, as well as the ability of our
embedded designs to dynamically train from the unstructured datasets, further enhance
the potential of implementing machine learning on embedded devices.

Currently, we are exploring the most recently proposed optimization techniques
for SVMs [9] and deep neural mapping SVMs. As future work, we will investigate ar-
tificial and deep neural networks for machine learning applications in order to create
hardware accelerators for these networks. We are also planning to provide dynamic re-
configurable hardware accelerators [13,59] for machine learning applications to integrate
smart and adaptive traits into our designs. The experimental results presented in this paper
were based on floating-point arithmetic. As future work, we will investigate and utilize
suitable fixed-point arithmetic for our fundamental operators and will analyze the tradeoffs
in terms of area, speedup, and accuracy. Additionally, as future work, we will investi-
gate and utilize our proposed embedded architectures for the CO-based SVM for various
applications/fields including fault diagnosis [60].
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